The lipid-enveloped influenza virus enters host cells during infection by binding cell surface receptors and, following receptor-mediated endocytosis, fusing with the membrane of the endosome, delivering the viral genome and transcription machinery into the host cell. These events are mediated by the haemagglutinin (HA) surface glycoprotein. At the low pH of the endosome, an irreversible conformational change in the HA, including the exposure of the hydrophobic fusion peptide, activates membrane fusion. Here we use electron cryomicroscopy and cryotomography to image influenza virus fusion with target membranes at low pH. We visualize structural intermediates of HA and their interactions with membranes during the course of membrane fusion as well as ultra-structural changes in the virus that accompany membrane fusion. Our observations are relevant to a wide range of protein-mediated membrane fusion processes and demonstrate how dynamic membrane events may be studied by cryomicroscopy.
Introduction
The influenza virus envelope contains two spike glycoproteins, the trimeric hemagglutinin (HA) which mediates receptor binding to sialic acid-containing receptors and membrane fusion with host membranes, and the tetrameric receptor-destorying neuraminidase (NA). The virus membrane also contains a proton channel, M2. HA is synthesized as a precursor, HA0, which is proteolytically cleaved to generate the disulphide-linked HA1 and HA2 subunits, which potentiates the membrane fusion activity1. HA2 subunits contain the Cterminal transmembrane anchors (TM) located in the viral membrane, and the N-terminal hydrophobic fusion peptides (FP) (Figure 1a ). The X-ray structure of the soluble HA ectodomain at neutral pH (135 Å long) reveals globular head domains containing the receptor binding site on a helical stalk domain formed largely by HA2 with a long central coiled-coil and with the fusion peptides located 35 Å from the viral membrane2.
Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms At the low pH of the endosome, an irreversible conformational change in the HA, including the exposure of the fusion peptide, activates membrane fusion3. The low pH transition is characterized by sensitivity to trypsin, which removes HA1 residues 28-328 that become mobile during the transition3,4. The HA conformational change has been studied by comparing the structures of the soluble ectodomain of HA at neutral pH to a trimeric fragment generated at low pH from viral HA (TBHA2) lacking TMs, FPs, and most of HA15,6 or to highly similar structures obtained by expression of HA2 38-175 (EBHA2) 7 and HA2-23-185 (EHA2) 8.
Comparison (Fig. 1b) of the neutral pH HA structure 2 to structures of soluble forms of the HA2 subunit in the low pH conformation 5,6,8 reveals extensive rearrangements in HA2: (1) The loops and small helices N-terminal to the central α-helices refold to extend the triple stranded coiled coil. This extension would move the FPs over 100 Å to the membrane distal tip of the molecule where they could interact with a target membrane. ( 2) The C-terminal half of the central helices "fold back" anti-parallel to the newly formed helices and the more C-terminal region refolds to an extended structure that packs along grooves in the coiledcoils, thus co-locating the N-and C-termini of the HA2 subunit. FPs have been shown to interact with the target membrane during fusion 9, but in the absence of a target membrane, the FPs insert into their own viral membrane. Negative stain 4,10 and cryomicroscopy 11 studies suggest that the structure of the ectodomain of the resulting self-inserted HA2 is the same as that of the low pH crystal structures.
An HA2 structural re-arrangement in which the N-terminal extension of the coiled-coil positions FPs to interact with the target membrane while the TMs remains anchored in the virus membrane is therefore an attractive model for an HA intermediate in membrane fusion 12,13 ( Fig. 1c) and has also been proposed as an intermediate in fusion by other enveloped viruses 14. The C-terminal refolding that brings the apposition of FP and TM may occur subsequently.
Cryomicroscopy and cryotomography 11,15-19 have shown previously that influenza viruses are capsular or filamentous particles of polar organization with the HA covering most of the virus surface and the receptor destroying NA most often in patches at one end of the virus11,17,20. A highly organized layer of the M1 matrix protein beneath the membrane maintains the virus shape, and an assembly of 8 RNPs packaging genetic segments is attached at one end of the particle 21-23.
Here we study the interaction of influenza particles with liposome targets to which they fuse at low pH to understand how changes in protein architecture and virus ultrastructure are coupled to membrane transformations. We interpret glycoprotein structures in images and tomograms by comparison with X-ray models for the HA shown in Fig. 1. shape. The liposomes were content-less, sometimes multi-lamellar and of heterogeneous size. We mixed virus particle with liposomes at pH7 and observed no interaction, consistent with the absence of sialic acid receptors in the liposomes. (Fig 2a, Supplementary Fig1a ).
We followed the fusion timecourse by incubating virus and liposomes (5 liposomes/virus) at pH 4.9, neutralizing pH after 1 minute, 5 minutes, and 30 minutes, and then imaging by cryomicroscopy.
After 1min at low pH, over 80% of virus particles interacted with liposomes, either via contact with the viral glycoprotein layer or where liposome and virus membranes became apposed, including through a previously described conical perturbation (pointed dimple) of liposomes by influenza virus 18. This is also similar to a structure observed by freezefracture EM 24. Viral particles looked intact and very few particles had fully fused with liposomes ( Fig. 2b, Suppelmentary Fig.1 ).
After 5 minutes, more particles had fused with liposomes and viral contents were observed in the interior of some liposomes, but many particles retained a capsular shape, interacting with liposomes via glycoproteins (Fig. 2c, Suppelmentary Fig.1 ).
After 30 minutes, more than 60% of virus particles had fused. The remaining particles had lost their capsular shape and matrix layer regularity as previously described for incubation of Udorn particles at low pH11 (Figure 2d, Supplementary Fig.1 ).
A count of the number of virus particles in 2D images at each time point showed a progression from glycoprotein-only contact with liposomes, to closer membrane/membrane apposition, through to fusion and redistribution of viral components, indicating that these categories are temporally-ordered events on the pathway to fusion (Fig. 2e) .
We next applied electron cryotomography to characterize fusion events in three-dimensions for all the time points. Supplementary Fig. 2 shows sections of two tomograms of a 1 minute low pH incubation. The viral particles retain their capsular shape, with an intact M1 layer adjacent to the viral membrane, RNP segments are clearly visible in the interior, and NA clusters are observed at one end of the particles. The native HA pH 7 rod-like structure is less apparent and the particles are in association with liposomes. Fig. 3 shows the product of several fusion reactions, interpretable as 3 virions having fused completely with a single liposome target (30 minute time point). The glycoproteins are redistributed within the liposome membrane, though they may also remain densely packed in regions of membrane that retain an adjacent matrix layer that also shapes the surrounding membrane. Within the lumen of the fused structure, aggregations of M1 matrix layer 11,25 that have separated from the membrane can be identified. RNP assemblies have dispersed to free RNPs, some of which may remain associated, usually at one end, with the dense M1 aggregates. We also observe liposome-liposome contact and further fusion mediated by the HA redistributed in the post-fusion liposome. In addition, Fig. 3 shows viruses at the first steps of entry into the liposomes.
Contact Zones
We refer to the HA-mediated interaction between membranes as a "contact zone"13. Prior to full fusion, a single virion typically interacted with several liposomes at separate contact zones on its surface. The example in Fig. 4a-d shows a single virus with 3 contact zones, each an extended area of glycoprotein interaction with the target. The segmentation in Figure 4d shows the perturbation of membranes.
As in our 2D analysis, we classified the type of contact zone. Inspection in 3D showed that the membrane/membrane contact category shown in Fig. 2e could be further subdivided based on the presence or absence of a pore between the membranes (Figure 4e ). The fusion pores resemble the dimple contact, but with a continuous connection between virus and liposome interior (e.g. locations indicated in Fig. 3 , Fig. 4 e, f), and include pores found at liposome/liposome contacts mediated by HA. The pore connections had an average outer diameter of 14 nm +/-5nm (n=52). We sometimes observed two pores in close proximity ( Figure 4f) . A classification of all the HA-mediated 3D contact zones for each of the incubation time points observed by cryotomography ( Fig. 4g ) revealed a progression from (1) glycoprotein-only contact with liposomes (e.g. Fig. 4a , b) to (2) membrane contact at a point via a dimple (e.g. Fig. 4 c, d) to (3) membrane-membrane contact via a pore (e.g. Fig.  4 e, f).
Typically, in observations of early virus:liposome interactions, the liposome membrane was deformed to a conical dimple which contacted the viral membrane at a point, but the virus membrane remained unperturbed with an adjacent, intact matrix layer ( Fig. 4a-c) . However, in the case of fusion pores we observed local disruption of the matrix layer (red arrows in Fig. 4 e, f), and the viral membrane curved towards the liposomal dimple, forming a symmetric neck. Thus local disruption or removal of the matrix layer may be important for formation of a symmetric pore.
We scored whether the matrix layer remained closely associated with viral membrane areas involved in all fusion contact zones and found it to be disrupted or absent in nearly half the fusion pores observed after 1 minute, and from most fusion pores and contacts after 5 and 30 minutes (Fig. 4g ). These observations are consistent with studies reporting changes in the matrix layer15,16 and dissociation of the matrix layer and loss of filamentous shape when virions are incubated at pH 4.9 11.
HA architecture
We examined the detailed protein architecture associated with the steps observed during the timecourse. In the tomogram section of the contact zone in Fig. 4 a-c and Fig. 5a , many thin densities are observed as a continuous line from the virus membrane to the liposome membrane, perpendicular to both membranes. See also Supplementary Fig. 3, 4. A histogram of similar densities shows a mean length 18.8 nm +/-3.2 nm (n=132). These are longer and thinner than measurements of glycoproteins assigned as pH7 HA which measure 13.2 nm +/-1.0 nm, similar to the X-ray structure (13.5 nm). See Supplementary Fig. 5 . The distance between virus and liposome membranes at the point shown in Fig. 4a is too great to be spanned by neutral pH conformation HA anchored in the virus membrane. Rather, the length and thinness of the density, and its association with both membranes is consistent with an HA extended intermediate, such as the extended coiled-coil model iv shown in Fig.   1c , assuming the HA2 TMs are in the virus membrane and the FPs in the liposome membrane. Thus, as a first step in the progression toward fusion, glycoproteins extend beyond the neutral pH virus glycoprotein layer to interact with a target liposome, forming an initial contact zone between the virus and the liposome.
We also observed lines of density connecting the virus membrane to liposomes similar in length and thinness to the extended intermediate, but these were bent at a point approximately midway along their length (e.g. Fig. 5a panel iii, Supplementary Fig. 3, 4, 6,   7 ). This occurred between membrane surfaces that were closer together than those where the extended intermediate exhibits its maximum length and between membranes that were not parallel to each other such as observed in the dimple. We observed that the curvature of the liposome membrane may vary which affects the number of HAs that can insert into the target membrane. We estimate 15-20 HAs interact with a liposome to form the contact zones in Figure 4a-c (Supplementary Fig. 6 ) and in Supplementary Fig. 7 , similar to the number of HAs in an equivalent surface area on neutral pH virus23.
On examination of dimples and pores, we observed dense bars that were shorter and thicker than the extended intermediate and that projected radially from the membrane contact point or pore, roughly parallel to the virus membrane, and oblique to the liposome membrane (Fig.  5b, c and Supplementary Fig. 8 ).
We observed dense bar structures radiating from contacts between liposomes containing HA but devoid of an M1 protein layer (produced as a result of redistributed HA following fusion) and another liposome (Figure 5b,c, Supplementary Fig. 8 ). In membrane interactions between a liposome containing HA (but devoid of a matrix protein) and another liposome, both membrane contacts and fusion pores have symmetrical membrane profiles, consistent with a role for the matrix layer in maintaining the asymmetric dimple contact. Of 52 fusion pores, 26 had dense bars radiating from the neck region
The length of the bars surrounding both dimples and fusion pores, 11.5+/-1.1 nm (n=34), as well as their shape, was similar to the ectodomain of HA2 molecules (Fig. 1c v) based on our measurements of self-inserted HA in our tomograms (average 12.4 +/-1.4 nm (n=116), Supplementary Fig. 5 ), comparison to earlier negative stain EM studies 10, and comparison to the low pH X-ray crystal structures. When viewed down the pore axis, the circumference of the pore had similar dense bars radiating from it ( Figure 5c , small panels), resembling a star arrangement. The average length of these lines surrounding both dimple contacts and pores is 10.5 +/-2.1 nm (n=35).
Occasionally, we observe extended, flat contacts of membranes comprised of a single leaflet from each liposome membrane, similar to hemi-fusion diaphragms reported during in vitro SNARE protein-mediated fusion 26,27. This occurs under conditions in which HAs are sparsely distributed in a membrane following fusion with liposome targets. A bar structure resembling an HA2 molecule is inserted at each end of the contact area (e.g. hemi-fusion diaphragm labeled in Figure 3, Fig. 5d ).
Discussion
In our identification of the major structural steps in membrane fusion (Fig. 6a) observed here by cryotomography, interaction of the HA extended intermediate with the target liposome is an early event in the progression toward fusion and forms an extended contact zone ( Figure  6a(i) ). The dimpling of the liposome membrane is an effect of multiple FP insertions and is consistent with models for membrane curvature arising from hydrophobic protein insertion 28,29. While the extended intermediate is held at each end respectively by virus and target membrane, HA2 cannot refold into the post-fusion structure, which requires apposition of the N-and C-termini.
The observed flexibility of the extended intermediate allows it to remain engaged with the dimpled membrane, and stabilize its close approach to the viral membrane (Figure 6a(ii) ). The bending of the extended intermediate brings the FP and TM closer to each other, eventually coming together near the point of the dimple (Figure 6a(iii) ). The dimpled profile of the target membrane serves as a force of constraint, guiding the metastable extended intermediate to a conformation and position in which the C-terminal polypeptide can pack against the N-terminal coiled-coil seen in the post-fusion conformation. The bars of density observed perpendicular to the axis of the dimples and fusion pores (Figure 6a (iv), 6b) suggest that the re-folding of the HA2 ectodomain into the low pH "foldback" structure is complete. The foldback structure also appears at membrane contact before a fusion pore is discernable in our experiments in which case the FP and TM must still be located in different membranes. This geometry, in which the ectodomain is oblique to either the virus or liposome membranes, may be facilitated by non-helical polypeptide between the coiledcoil of the foldback structure and the membrane-inserted segments as observed in the crystal structure of the low pH form 8 (Fig. 1b (ii) ).
We estimate from the observed "star assemblies" (Fig. 5c ) that 6-8 such bars can fit radial to the point at which the fusion pore forms. Membrane fusion may occur when enough foldback structures are arranged about the axis of the dimple at its point of contact. The extended hemi-fusions diaphragms that we observe under conditions in which there are very few HA's in close proximity may result from an insufficient number of HA foldback structures available for full fusion. Membrane fusion may be driven by additional free energy available when the FP and TM become located in the same membrane and/or through the formation of conserved structures such as the N-cap at the end of the coiled-coil located near the membrane 8.
The observed membrane transformations and the proposed protein structural rearrangements during membrane fusion are consistent with other virus fusion proteins where the same flexibility and refolding may be invoked30,31, and with SNARE-mediated membrane fusion which proceeds through a similar point contact between membranes26,32 and is driven by the flexible association of SNARE proteins on different membranes to form a coiled-coil assembly 27,33.
In addition, ultra-structural changes in virus architecture are important to membrane fusion. The matrix layer maintains the asymmetry of the dimple contact of the target with the virus membrane. Acidification of the virus interior via the M2 proton channel34, which has previously been shown to increase the rate of fusion35, is required for local disruption of the matrix layer enabling formation of a symmetrical fusion pore and continuity of the virus and target lumens.
Online Methods

Growth and Purification of Virus
A/Udorn/72 virus was grown in the allantoic cavity of 10-day old hens' eggs under UK Home Office project license number PPL 80/2487. The allantoic fluid was harvested after 3 days, from which virus was purified over sucrose gradients as previously described 36.
Preparation of liposomes
A lipid mixture of phosphatidyl choline PC, phosphatidyl ethanolamine PE, phosphatidyl serine PS, phosphatidyl inositol PI, sphingomyelin S, cholesterol C in molar ratio 10:3:1:0.5:3:4 in chloroform was used to make small liposomes mimicking the composition of the plasma membrane10. The chloroform was evaporated under nitrogen gas and lipids re-suspended in PBS, freeze thawed and pressure extruded through a 0.1μm filter. The resulting liposomes are sometimes multi-lamellar and have a diameter in the range 200-500 nm.
Low pH incubation and trypsin-treatment of virus liposome mixtures
Samples were incubated at 4°C and the pH lowered to 4.9 with 0.1 M sodium citrate. After the specified time interval aliquots were removed and neutralized with 1M Tris pH 7.4. This was performed on 2 separate virus preps for each time point. In the case of further trypsintreatment, samples were then incubated with trypsin (Sigma) at an enzyme:protein ratio of 1:50 for 15 mins at 20°C, before stopping the reaction with trypsin inhibitor (Sigma). This was also performed on 2 separate virus preps for each time point. Trypsin treatment removes the HA1 subunits of HA molecules that have undergone the low pH conformational change and facilitates imaging of the remaining HA2 subunits4.
Electron Cryomicroscopy
Samples were mixed with 10 nm Protein A gold particles (British-Biocell) and 4 μl applied to amylamine glow-discharged 200 mesh copper Quantifoil™ (R2/4) grids in the environment chamber (4 °C, 90% R.H.) of a Vitrobot Mark III (FEI), blotted on both sides with a double layer of paper for 4 seconds before plunging into liquid ethane. Grids were transferred to a Gatan 626 tomography holder or a Polara stage. Imaging was performed in an FEI Spirit TWIN microscope at 120 keV using a tungsten filament source and equipped with a cryobox around the sample, or in an FEI Polara FEG microscope operated at 200 keV. Images were recorded un-binned on an Eagle 2K camera (FEI, Spirit) at 30K (7.2 Å/pixel) or 52K (4.3Å/pixel) magnification, or un-binned on a 224HD detector (TVIPS, Polara) at 31K (4.3 Å/pixel) under a range of defocus conditions (-3 to -4.5 μm). Magnification was calibrated by recording images of catalase crystals under identical conditions. At least two grids were imaged for each preparation and each timepoint. 2D images were collected from the same grids as those used for tomograms. It was not possible to identify definitive virus/liposome complexes when scanning the grid at low magnification so images were recorded at each hole in the quantifoil carbon that appeared to have some content.
Tilt series for tomography were recorded automatically using Serial EM 37 up to ±60° in 3° steps, typically with a total dose less than 80 e -/Å 2 .
2D Image Analysis
All 2D images acquired were used when counting the number of particles involved in liposome complexes thus avoiding operator bias for different sized complexes when acquiring images of different experimental conditions. We manually inspected each virus particle and its interaction with liposomes to assess which of the following 4 categories it belonged to: 1) no virus -liposome contact, 2) virus -liposome contact via viral glycoproteins, 3) virus -liposome contact via membranes, 4) viral fusion with liposome. 
Image and Tilt Series Analysis
Tomographic tilt series were aligned using IMOD software 38. Alignment initially used cross correlation and then used gold particles as fiducial markers. Reconstructed 3D volumes were generated by back-projection or by the SIRT iterative alignment and reconstruction procedure. Length measurements were performed in 3D using IMOD. We analysed 38 tomograms to obtain the results presented here.
We manually inspected each virus -liposome contact observed in all tomograms to classify these contacts according to the following 3 categories: 1) contact via viral glycoproteins only, 2) contact of liposomal membrane abutting the viral membrane, 3) membranemembrane contact via a pore between the membranes.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. 
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